Abstract The purpose of this pilot study was to determine whether blood-borne microvesicles from newly diagnosed glioblastoma patients could be used as biomarkers. We collected 2.8 mL blood from 16 post-operative patients at the time that they were being simulated for chemoradiation therapy (radiation with concurrent temozolomide). Two additional samples were collected during chemoradiation therapy and a final sample was collected at the end of chemoradiation therapy. Patients continued with the therapy suggested by their physicians, based on tumor conference consensus and were followed for recurrence and overall survival. Microvesicles were isolated using serial centrifugation and stained for surface markers (Annexin V for phosphotidyl serine, CD41 for platelets, anti-EGFR for tumor cells, and CD235 for red blood cells). Flow cytometry analysis was performed. Our findings provide initial evidence that increases in Annexin V positive microvesicle levels during chemoradiation therapy are associated with earlier recurrence and shorter overall survival in newly diagnosed glioblastoma patients. The effect is dramatic, with over a four-fold increase in the hazard ratio for an individual at the 75th versus the 25th percentile. Moreover the pattern of Annexin V positive microvesicles remain significant after adjustment for confounding clinical variables that have previously been shown to be prognostic for recurrence and survival. Inclusion of neutrophil levels at the start of chemoradiation therapy in the model yielded the largest attenuation of the observed association. Further studies will be needed to verify and further investigate the association between these two entities.
Introduction
Glioblastoma (GB) is a devastating disease, with a median survival of 14.2 months in patients treated with the current standard of care (SOC)-surgical resection followed by concurrent and adjuvant chemoradiation therapy (CRT) based on the Stupp protocol [1] . Recent data suggests that using low intensity, alternating electric fields prevents the normal mitotic process and causes cancer cell death, improving outcome in newly diagnosed patients (TT Fields, Novocure) [2, 3] . However, none of the drug therapies that have been added to the SOC appear to increase time to recurrence or survival. In a review, Batchelor et al. conclude that ''Despite promising phase II clinical [therapeutic drug] trial results and patient benefit in terms of clinical improvement and longer progression-free survival, [ for example] an overall survival benefit has not been demonstrated in four randomized phase III trials of bevacizumab in newly diagnosed GB [4] .'' Vaccines against EGFRvIII [5] and CAR-T [6] cells are being studied in animal models and experimentally in humans, but to date, neither have demonstrated efficacy in newly diagnosed patients.
Information provided by biomarkers has the potential to aid in the identification of adjuvant therap(ies) for GB. Biomarkers are ''a characteristic that is objectively measured and evaluated as an indicator of normal biologic processes, pathogenic processes or pharmacological responses to a therapeutic intervention [7] .'' They have the potential to aid physicians in identifying patients at highest risk of recurrence and/or death, help select therapeutic targets and stratify patients for clinical trials of therapeutic medicines or devices. Biomarkers based on blood or other body fluids can be particularly useful, as they are minimally invasive [8] and repeatable. Examples of these 'liquid biopsies' include extracellular circulating vesicles (ECV), also referred to exosomes, microvesicles (MV), and/or microparticles, fragments of tumor DNA and RNA that are shed into the blood, and circulating tumor cells (CTCs). ECV uniquely have the ability to provide information on body systems that modulate tumor biology i.e. the immune system in addition to the tumor cell information. CTC and DNA/RNA analyses provide important biologic information, but are limited to the neoplastic cells.
ECV are 50-3000 nm diameter bodies with a bi-lipid membrane that are released from normal and neoplastic cells [9, 10] under conditions of stress, activation and/or proliferation. ECVs contain proteins, DNA, miRNA, RNA, and lipids representing a subproteome of the cell of origin [9] [10] [11] [12] . Their presence and number can be prognostic and/ or predictive, and our understanding of their role in many diseases, including cancer, is growing [8, 13, 14] . ECV are known to be important as intercellular signaling sources and this mechanism is thought to be responsible for their ability to act as measurable indicators of disease.
Our recent published work showed that the mean number of Annexin V 1 positive (AnnV?) ECV [ 300 nm diameter differs between GB patients treated with the Stupp protocol who go on to experience pseudoprogression versus true progression [15] . Herein, we describe an association between an increase in the number of AnnV ? MV in the blood during chemoradiation therapy (CRT) and poor patient outcome. We have also probed several other tumor and clinical features and our findings provide initial intriguing evidence that the number of MV, their trend over time and/or the presence of several surface marker may ultimately be valuable in the management of GB patients.
Methods Patients
The University of Pennsylvania Institutional Review Board (IRB) approved informed consent for this study. All patients had a diagnosis of GB, and surgery (including biopsy, with or without steroids and/or anticonvulsants) was their only treatment prior to protocol entry. Patients were asked to provide blood samples before, twice during and at the end of CRT. Patients were taken off study at their or their physician's request. Table 1 summarizes the demographics of the 16 newly diagnosed GB patients, their clinical and tumor findings, and their treatments. A subset of these patients was included in the previous report on MV number where we assessed the ability of MV to differentiate true progression from pseudoprogression (treatment effect) [15] . Data on the number of MV in normal volunteers was also included in that report.
Clinical assessments
After tissue diagnosis of GB, patients were followed post operatively, during and following CRT and then at intervals as defined by their treatment team. MRI images were made following surgery, at simulation and at the completion of CRT; additional imaging studies were made at intervals determined by the treating physician.
Therapy
Maximum safe surgical resection was performed followed by CT/MRI-based treatment planning. The initial volume of the cavity plus the MRI-determined enhancing tumor and flair abnormality volumes were expanded by 1.5 cm and treated at 200 cGy per fraction to 4600 cGy. The fields were then decreased in size to include the cavity and enhancing tissue and continued at 200 cGy per fraction to 6000 cGy for a total of 30 fractions. One of the patients received protons as part of their therapy. All patients received concurrent daily TMZ at 75 mg/m 2 and began adjuvant TMZ approximately one-month post radiation. One patient received steroids during therapy and one patient began Avastin in the last portion of his/ her CRT, both attributable to increasing symptoms/MRI findings. When patients experienced symptoms and/or treatment progression, they were assigned to an additional treatment or a clinical trial considered optimal by their physician.
Blood collection
2.8 mL peripheral blood was collected from GB patients into a plastic sodium citrate vacutainer tube (BD Scientific, 363083) at the time points described above. Blood tubes were maintained in a vertical position at room temperature until addition of a fixative (Caltag, Fix and Perm part A), approximately 1 h after blood collection. Blood processing
The technical aspects of blood processing have been previously described [15] . Briefly, 0.9 mL blood was added to 0.1 mL of filtered Caltag A and allowed to sit at room temperature for 60 min. This was centrifuged at 300g for 20 min at RT. 0.36 mL of the plasma supernatant was mixed with 0.6 mL of minimal buffer (isotonic NaCl and KCl with 10 mM Hepes) and 11 mM citrate. This was centrifuged at 2500g for 20 min at RT to remove platelets. Finally, the platelet-free supernatant was centrifuged at 15,000g (30 min at RT) to give a high-speed supernatant (HSS) and pellet (HSP). Pellets were resuspended in 150 lL of their appropriate supernatant. Resuspended pellets and supernatants were then diluted with an equal volume of minimal buffer containing 10 % DMSO and frozen at -75°C. MV from the final pellet (high speed pellet, HSP) were assessed for this study.
Cryo-electron microscopy C-flat holey carbon transmission electron microscope grids (Proto-chips, Raleigh, NC) were glow discharged for 20 s at 25 mA to create a hydrophilic surface for 3 lL of blood plasma. A thin film was formed by blotting the grid with filter paper. Vitreous ice was formed by rapid plunging of the grid into liquid ethane cooled to -180°C by liquid nitrogen. Grids were cryogenically observed at -178°C in an FEI (Hillsboro, OR) Tecnai-12 microscope, which was operated at 80 keV. Images were recorded on a Gatan (Warrendale, PA) US 1000 20482 CCD camera.
Flow cytometry
The methods for preparation, running and analysis of flow cytometry of the HSP have been previously described [15] . Briefly, samples were thawed at 37°C and gently vortexed. To detect MV, minimal buffer with 3 mM Ca ?? was supplemented with Pacific Blue labeled Annexin V and fluorescently labeled anti-EGFR for tumor-derived MV [17] , anti-CD41 for MV from platelets [18] and anti-CD235 for MV from RBC [19] . A FACS-Canto, 3-laser instrument (violet, blue, red) was set so that 3-l polystyrene beads were situated at about 10 5 on both FSC & SSC log scales. Under these conditions 1-l beads were easily observed, but 0.3 l beads were only partially resolved depending on the daily ''mood'' of the cytometer. The fluorescent scales were set so that background fluorescence from the 3 l beads was at *2000. Each sample was run at medium speed until 4000 beads were counted (0.08 mL * 80 s) and the results were analyzed using FlowJo software (FlowJo, LLC, Ashland Oregon).
Statistical analyses
The linear rate of change in each proposed biomarker between the time of simulation and the end of CRT was determined using least squares. We described the Ann ? ve MV at the end of CRT and the rates of change in the proposed biomarkers using medians and the interquartile range (IQR). The demographic and clinical characteristics of the sample were similarly described, and the categorical variables were described using percentages. We used the Kaplan-Meier method to estimate the median time to recurrence and overall survival time for the cohort as a whole and for subgroups of interest. Lower 95 % CI are reported; upper 95 % CI are not yet available due to the limited number of events. Using a Cox model, we first estimated the univariable association between the risk (hazard rate, HR) of recurrence or death and several demographic or clinical factors (age at diagnosis, performance score, neutrophil to lymphocyte ratio or neutrophil level at time of surgery or start of CRT) that are thought to have an association with recurrence or death based on previous studies. These are subsequently referred to as 'clinical' predictors. We also individually estimated the association between the rate of change in each biomarker or the biomarker level at the end of CRT and the risk of recurrence or death. While our sample size prevented extensive multivariable modeling, we then explored models aimed at determining whether the association between Ann ? ve MV, either level at the end of CRT, or change during CRT, was associated with recurrence or death after adjustment for potential confounding by the 'classic predictors'. Potential confounders included demographic or clinical factors that achieved a p value \0.15 in univariate analyses. Due to the small sample size, these models were limited to no more than two predictors, the Ann ? ve variable and one other predictor. Because the goal of this study was simply to evaluate the potential for confounding, the second variable was retained in the model along with the Ann ? ve variable irrespective of the magnitude or the statistical significance of its association with outcome. Type I error rates for the determination of the association between recurrence or death and the Ann ? ve MV variables were set to 0.05; all hypotheses tests were one-sided reflecting the specific scientific goal of determining whether increases in MV had a negative impact on outome. Two-sided large-sample 90 % confidence intervals (CI) are based on the estimated coefficients in the Cox model.
Results
Description of the sample Table 1 describes the demographics, tumor and treatment information and clinical predictors (MGMT, age, performance status {ECOG and KPS}, RPA, EGFRvIII) for the 16 patients who comprise our data set. Ten patients were male and six were female; all were Caucasian with a median age at diagnosis of GB of 59 years. All patients had a surgical diagnosis of GB based on tissue from their initial surgery per review by a single pathologist (MM-L). Review of MRI studies following surgery demonstrated that five patients had subtotal resections, five patients had gross total resections, four patients had near total resections and two patients had a stereotactic biopsy or planned partial resection. Molecular testing indicated that 12 of 15 tumors were non-methylated and 3 of 15 tumors were methylated at the promoter region of MGMT at initial surgery; this assay was not performed in one patient. Nine of 15 tumors were positive for real-time polymerase chain reaction (PCR) or next-generation sequencing (NGS) EGFRvIII mutations at initial surgery; this assay was not performed in one patient. The average Ki67 count was 28.5 %, with a range of 5-70 %. One patient's tumor contained an IDH-1 R132H mutation. Because neutrophil count and neutrophil to lymphocyte (N:L) ratio have been reported to be associated with GB patient outcome [20, 21] , we measured them before surgery, at the start of CRT and at the end of CRT (Table 4) .
CRT was begun between 29 and 68 days post surgery (mean, median time of 41, 41.5 days respectively); the patient with an interval of 68 days had a wound infection. The median patient follow-up at analysis was 354 days with 9/16 (56 %) alive at the time of analysis; 13 patients had experienced at least 1 recurrence and 7 had died. All living patients had a minimum of 6 months follow-up. Median time to recurrence in the whole group was 235 days (7.7 months) and median OS was 536 days (17.6 months.)
Description of MV, their levels and temporal patterns of change A cryo-electron microscopic image of the MV collected from patient blood is shown in Fig. 1 . This image shows multiple MV, each with a bi-lipid membrane and containing materials referred to as ''cargo.'' The MV span a range of sizes and shapes. Some protein aggregates, probably from the serum are seen at 12 o'clock on the image.
We studied the number of MV at the start, twice during and at completion of CRT; blood samples could not be collected in all patients at each time point for various logistical reasons. The average number of blood collections for the whole group of patients was 3.1, with six patients each having three or four collections, and four patients having two collections. Based on these data, we noted the values at each time point and calculated the change over time (slope of best linear fit) in the number of MV during CRT. Figure 2a , b show the clinical course of two patients following completion of CRT. One patient has an increasing MV count and had a short interval to recurrence and death. The other patient had a decreasing MV count during CRT and remains alive. In Fig. 3 , we show the MV values and slope of all 16 patients, grouped by their time of recurrence. While there is heterogeneity in each of the groups, the data supports the conclusion that individuals with shorter time to recurrence (Fig. 3 , left panel) have a trend toward more positive slopes while a longer time to recurrence is associated with negative slopes. The individual slopes for each patient are shown in the Supplemental Fig. 1S .
All MV were stained with four surface markers; Annexin binding was used for phosphotidyl serine (PS) on the MV surface, CD41 for platelet-derived MV, EGFR for tumor cell-derived MV, and CD235 for RBC-derived MV. Three metrics were initially used to describe MV patterns during CRT (a) the rate of change (slope of best fit line) during therapy, (b) positive versus negative slope, and (c) the number of vesicles at the end of CRT. The summary of these MV data sets for all patients appears in Table 2 .
The reported values are based on counts directly from the FCM but can be multiplied by 50 to determine MV per ml plasma or 100 to determine the MV per ml blood. Because absolute levels of MV based on FCM differ substantially by lab and by preparation, we report the risk of recurrence or death in terms of interquartile range (IQR). Table 3 summarizes the univariate association between MV-derived variables and the risk of recurrence or death. Results for the association with the number of vesicles at the end of CRT are not shown as these results were substantially less consistent than was the slope. Compared to an individual at the 25th percentile of the slope for PSlabeled MV, an individual with a slope at the 75th percentile had 4.2 fold (90 % CI 1.7, 10.3) increased risk of recurrence (p = 0.006), and a 3.1 fold (0 % CI 1.0, 9.5) increased risk of death (p = 0.034). Similarly, compared to an individual with a negative slope for PS-labeled MV, an individual with a positive slope had a 6.4 fold (90 % CI 2.0, 20.1) increased risk of recurrence (p = 0.001), and a 3.5 fold (90 % CI 0.9, 14.0) increased risk of death (p = 0.057). For CD41-stained MV (platelet-derived), a positive slope was significant for recurrence (p = 0.028) while the slope itself was significant for death (p = 0.044). For EGFR-stained MV, both slope-based variables were significant for recurrence (p = 0.042, 0.012, respectively). For CD235-stained MV, only slope positivity was significant for recurrence (p = 0.007).
As shown in Fig. 4 , the median time to recurrence was 112 and 400 days for the patients with a positive and negative slope, respectively. The median OS was 405 days for the patients with a positive slope. The median OS for patients with a negative slope is unknown at this time because six out of eight patients were still alive at the time of analysis. In Table 4 , we explored whether the previously described clinical predictors of GB outcome (shown in Table 1) were associated with time to recurrence or death. In a Cox model, neutrophil count and N:L ratio at the start of CRT, but not at surgery or at the end of CRT were significant for recurrence and survival. ECOG score and KPS were significant for recurrence (0.004, 0.04 respectively) but only ECOG score was significant for overall survival (p = 0.009). EGFRvIII positivity had no association with recurrence or overall survival.
RAW NUMBER OF MV DAYS
Based on our findings, we constructed bi-variate models to address the question of whether change in PS-labeled MV were independent predictors of outcome, or alternatively, whether there was confounding with clinical predictors (Table 5) . We a priori considered any of the clinical variables with p \ 0.15 to be potential confounders of PS-labeled Ann ? ve MV variables. Not surprisingly, the HR in the models with the MV variable and the second variable were generally smaller than in the univariate models, suggesting some confounding by the clinical variables. Despite this, for recurrence, both the quantitative and categorical slope variables retained statistical significance in all models except for the quantitative slope when neutrophil count was included as the second variable. For death, the quantitative slope variable showed a similar pattern, with a reduced HR compared to the univariate model, but retention of statistical significance in all bi-variate models except when neutrophil count was included as the second variable (Table 5 ).
Discussion
Our findings provide initial evidence that increases in Ann ? ve MV levels during CRT are associated with earlier recurrence and overall survival in newly diagnosed GB patients. The effect is dramatic, with over a four-fold increase in the HR for an individual at the 75th versus the 25th percentile. Moreover, the pattern of AnnV ? ve MV remains significant after adjustment for confounding by a number of clinical variables that have previously been shown to be prognostic for recurrence and survival (Table 5) . Interestingly, including neutrophil counts at the start of CRT in the model yielded the largest attenuation of the observed association. Further studies will be needed to verify and further investigate the association between these two entities.
This report joins a small number of published articles regarding ECV as biomarkers in cancer patients. In contrast Changes are presented as either a linear change over CRT or the presence of a positive versus a negative slope. For the linear change, the HR (90 % CI) is presented per one interquartile range (IQR) i.e. the 75th versus the 25th percentile, as shown in Table 2 . p Values are one-sided HR hazard ratio a For PS-labeled MV, the risk of recurrence (death) per IQR is the slope of the linear change in the marker over CRT. For PS-labeled MV, the IQR is 57.5 corresponding to the 75th versus the 25th percentile (Table 2) to this work, which emphasizes the number and presence of MV, previously published studies have emphasized the prognostic significance of the ECV cargo, including miRNA [22, 23] , specific proteins [24, 25] or oncogenes [26] . In 2008, Skog et al. [27] showed that miRNA mutant/variants and RNA that are characteristic of gliomas could be detected in MV from GB patient's serum; EGFRvIII was detected in MV from 7 out of 25 patients. The authors concluded that GB MV might provide diagnostic and therapeutic guidance for cancer patients via a blood test. More recent work by Shao et al. [28] validated a microfluidic device to label MV with antibody-bound magnetic nanoparticles for detection using an integrated microcoil. They reported that combinations of monoclonal antibodies could distinguish between samples from GB patients and those from healthy individuals with 90 % accuracy. Our group studied a small group of newly diagnosed GB patients and showed that the number of AnnV ? MV could be used to differentiate pseudoprogression (treatment effect) from true progression in the setting of an equivocal MRI study [15] . Our sample of patients, while small, has similar demographics to those of other larger published series. We compared our data with the analysis of ''Cohort II'' from a retrospective analysis of therapy response performed by Nava et al. [29] . Cohort II was composed of 746 patients with histologically confirmed primary GB who were diagnosed and treated with the Stupp protocol [1] as a firstline treatment, and new standard protocols for second-line chemotherapy and radiosurgery after tumor recurrence. These are the same guidelines used for the patients reported herein. In Nava's paper, the median times to recurrence and OS were 271 days and 393 days respectively; we report median times to recurrence and OS as 215 and 385 days, respectively. As in previous analyses [16] , we found that performance status was associated with outcome. We also found that the N:L ratio and the neutrophil count at the start of CRT were significant outcome predictors. Previous studies support the observation that neutrophils modulate the biology of GB. Donskov summarizes that ''the prognostic role of tumor-infiltrating neutrophils, elevated blood neutrophils and elevated blood neutrophil/lymphocyte ratio has been associated with poor clinical outcome in several human cancers, most notably in renal cell carcinoma, high baseline neutrophil counts in tumor and/or blood were identified as a strong, independent risk factor for poor outcome in multivariate analyses, and the negative prognostic impact of neutrophils was not eliminated by increasing the dose of cytokines, chemotherapy, or targeted therapy [27] . In another report, studies indicated that pretreatment N:L ratio is of prognostic significance, independent of MGMT status [28] . Our findings, summarized in Table 4 , provides further support for these conclusions. Our data show that the median time to recurrence and overall survival recapitulates historical data and it may be possible to designate GB patients as having ''good'' versus ''poor'' prognosis based on MV analyses. The Ann ? ve MV we studied in this proof of principle study were associated with recurrence using temporal changes over time. We also found that overall survival can be predicted using our MV biomarker, but caution that our study is limited by the small number of patients and the small number of deaths. Given the small sample size, we were able to conduct only limited studies to determine whether the MV marker was an independent predictor of outcome. These models suggested that confounding by previously identified clinical predictors could not explain away the association between the MV biomarker and outcome. Further work with larger samples is needed to validate these findings and to determine whether a MV biomarker is an independent predictor of outcome in models with multiple clinical variables.
In summary, we have studied the number and surface markers of MV isolated from blood taken from newly diagnosed GB patients at simulation, twice during and at the end of chemoradiation therapy. The slope and the trend (increasing vs. decreasing over time) in the number of Ann ? ve MV are prognostic of both recurrence and survival; increasing number of MV portend a poorer prognosis. The data regarding the number of MV with various surface markers, EGFR, CD41 (platelets) and CD235 (red blood cells) are statistically significant for specific models and outcomes and therefore require additional study.
In a recent review of work by Shao et al. [28] , DJ Burgess noted that ''it will be interesting to determine the extent to which MV analyses might supplement more traditional methods for clinical diagnosis and monitoring, and whether such technology can be applied to other tumor types.'' Our data potentially provides an important opportunity for improving trial design for new adjuvant therapies to be given concurrent with CRT in patients with GB. GB patients with predicted poor versus good outcome based on MV indicators could be compared for response to an experimental therapy. Patients with a poor prognosis based on an increase in MV that go on to have a similar outcome to patients with decreasing MV would improve the statistical analysis of the data. Clearly, identifying the mechanism of the association of MV number with outcome is extremely important in the selection of new drugs or other treatments to test in this setting. These studies are ongoing in our labs. Each row represents four models with each adjusted for the confounder. For comparison, the first row shows the results from the univariate model in Table 3 . Changes are presented as either a linear change over CRT or the presence of a positive versus a negative slope. As in Table 3 , for the linear change, the HR (90 % CI) is presented per one interquartile range (IQR) i.e. the 75th versus the 25th percentile, as shown in Table 2 . p Values are one-sided and are only shown for the MV variable Potential confounders were included here if they achieved an a priori significance level of p \ 0.15 in individual models (Table 4) J Neurooncol (2016) 127:391-400 399
